We examined the effects of hyperglycemic hyperosmolality on blood-brain barrier (BBB) permeability during development. We hypothesized that the barrier becomes more resistant to hyperglycemic hyperosmolality during development, and the immature BBB is more resistant to glucose than to mannitol hyperosmolality. We quantified the BBB response to hyperosmolality with the blood-to-brain transfer constant (K i ) in immature fetuses, premature, and newborn lambs. K i increased as a function of increases in osmolality. A segmented regression model described the relationship between K i and osmolality. At lower osmolalities, changes in K i were minimal but after a threshold, increases were linear. We examined responses of K i to hyperglycemic hyperosmolality by comparing the thresholds and slopes of the second regression segments. Lower thresholds and steeper slopes indicate greater vulnerability to hyperosmolality. Thresholds increased (P < 0.05) during development in pons and superior colliculus. Thresholds were higher (P < 0.05) during glucose than mannitol hyperosmolality in thalamus, superior colliculus, inferior colliculus and medulla of premature lambs, and in cerebrum and cerebellum of newborns. We conclude that BBB permeability increased as a function of changes in glucose osmolality, the barrier becomes more resistant to glucose hyperosmolality in two brain regions during development, and the barrier is more resistant to glucose than to mannitol hyperosmolality in some brain regions of premature and newborn lambs.
Introduction
The blood-brain barrier (BBB) is a selective diffusion barrier that maintains central nervous system homeostasis and limits the entry of substances that could alter neuronal function (Betz and Goldstein, 1986; Bradbury, 1985) . We have previously examined the ontogeny of BBB function measured quantitatively with a small hydrophilic molecule, a-aminoisobutyric acid (AIB), during fetal and postnatal development in normal sheep (Stonestreet et al, 1996) .
Although the BBB exhibited ontogenic decreases in permeability from 60% of gestation to maturity, the barrier was relatively impermeable to AIB at all ages during perinatal development (Stonestreet et al, 1996) . Even though we have shown that the BBB is relatively impermeable during development under normal conditions, limited information is available concerning the vulnerability of the BBB to insults and injury during development (Stolp et al, 2005) . In addition, the effects of adverse factors on the BBB most likely change during development (Stolp et al, 2005) . We have previously shown that during acute mannitol-induced hyperosmolality, BBB permeability increased in response to changes in systemic osmolality and became more resistant to hyperosmolality during development (Stonestreet et al, 2006) .
Fetuses of diabetic women who develop hyperglycemia during pregnancy, infants with congenital diabetes, infants who are small for gestational age, premature infants, premature infants exposed to corticosteroids, and infants with sepsis are at high risk for dysregulation of glucose homeostasis and, potentially hyperosmolality (Dweck, 1976; Grylack et al, 1984; Wu, 1996) . Hyperglycemic-hyperosmotic stress potentially could affect BBB function in immature subjects. In adult rodents and human subjects, diabetes has been shown to compromise the integrity of the BBB (Allen and Bayraktutan, 2009; Hawkins et al, 2007; Huber et al, 2006; Starr et al, 2003) . The effect of glucose-induced hyperosmolality on BBB function has not been studied in immature subjects.
Cerebral glucose consumption is particularly high in immature subjects because of the large size of the neonatal brain in relation to body weight (Otto Buczkowska et al, 2001) . Glucose is transported into the brain (Devaskar et al, 1991) , where it is metabolized. Based on the known active transport of glucose into brain (Devaskar et al, 1991) and the Staverman reflection coefficient theory (Staverman, 1951) , which states that water movement due to osmolality declines with increasing solute transport or permeability across membranes. We postulated that mannitol-induced osmotic stress has greater effects on BBB permeability than glucose-induced osmotic stress because large quantities of glucose are transported into and metabolized by the immature brain (Otto Buczkowska et al, 2001) , whereas mannitol is neither transported into nor metabolized by brain. Knowledge of the effects of glucoseinduced osmotic stress on BBB function in the fetus and neonate is important because glucose dysregulation is very common in premature infants who are at high risk for brain injury (Dweck, 1976; Grylack et al, 1984; Vohr et al, 2000; Wu, 1996) . Blood-brain barrier dysfunction could potentially represent a component of brain injury in these at risk premature infants.
In this study, we examined the effects of exposure to hyperglycemic hyperosmolality as a means to test the relative vulnerability of the BBB in immature subjects to this specific stress. We tested the following hypotheses during acute hyperglycemic hyperosmolality: (1) BBB permeability measured by the blood-to-brain transfer constant with AIB increases as a function of changes in glucose-induced systemic plasma osmolality in immature subjects. (2) The BBB becomes more resistant to the effects of a systemic hyperglycemic-hyperosmotic stress during development.
(3) The immature barrier is more resistant to glucose-than to mannitol-induced hyperosmolality.
Materials and methods
This study was conducted after approval by the Institutional Animal Care and Use Committees of Brown University and Women and Infants Hospital of Rhode Island according to the National Institutes of Health Guidelines for use of experimental animals.
Animal Preparation
Surgery was performed under halothane anesthesia as previously described in the fetuses at 60% of gestation (full term sheep gestation is 150 days), premature lambs at 90% of gestation, and newborn lambs (Stonestreet et al, 2000 (Stonestreet et al, , 2003 (Stonestreet et al, , 2004 . Briefly, in the fetuses at 60% of gestation, catheters were placed in the subclavian vein for intravenous infusions and isotope administration, and subclavian artery and advanced to the thoracic aorta for blood sample withdrawal, heart rate, and blood pressure monitoring. An amniotic fluid catheter was placed as a referent for fetal arterial blood pressure. Catheters were placed in a femoral artery and vein in the ewes.
The surgery on the premature lambs was performed on fetuses in utero to avoid the stress of surgery on the day of study. Polyvinyl catheters were placed into a brachial vein and artery in fetuses at 90% of gestation for the same purposes as described above for the fetuses at 60% of gestation. An endotracheal tube was placed to facilitate immediate suctioning and ventilation at delivery.
Two to three day-old lambs were intubated under ketamine (10 mg/kg) and maintained with 0.75% to 2.0% halothane anesthesia. Catheters were placed into a brachial vein and brachial artery for the purposes described above.
Study Groups
Experiments were performed, after recovery from surgery for 3 days (range 2 to 4 days) in the fetuses at 60% of gestation, 3 days in the premature lambs (range 2 to 7 days), and 1 day (range 1 to 2 days) in the newborn lambs. The fetuses at 60% of gestation were a mean of 88 (range 87 to 88) days of gestation, preterm lambs were 138 (range 136 to 142) days of gestation and the newborn lambs 4 (range 3 to 5) days of age on the day of study. Although the relative maturation of the ovine and human brain cannot be compared precisely, the sheep brain at 80% to 85% of gestation is generally thought to be similar to the newborn infant at term (Back et al, 2006; Gunn et al, 1997) . Hence, the relative brain maturation of the fetuses at 60% of gestation would be approximately similar to preterm human infants at 22 to 25 weeks of gestation (Back et al, 2006) , the premature lambs at 90% of gestation similar to full term to several week-old infants and the newborn lambs to several weeks to a month-of-age infants.
The fetuses at 60% of gestation, premature lambs delivered at 90% of gestation, and newborn lambs received glucose plus sodium chloride (NaCl) as a 50% glucose and 0.5 M NaCl solution or placebo (0.154 M NaCl). Sodium chloride was added to the glucose solution to limit decreases in plasma and brain NaCl concentrations resulting from the glucose administration (Cserr et al, 1987a; Stonestreet et al, 2004) . The study groups included 14 glucose-treated and 7 placebo-treated fetuses at 60% of gestation, 11 glucose-treated and 5 placebo-treated premature lambs delivered at 90% of gestation, and 17 glucose-treated and 6 placebo-treated newborn lambs. The placebo-treated control fetuses and lambs were historic control subjects from our previous studies (Stonestreet et al, 1996 (Stonestreet et al, , 2006 . We used the historic control data to avoid repeating the placebo-treated control experiments to minimize unnecessary animal usage. This was justified because the studies were performed using the same experimental design and methodology as in the experimental studies of the glucose-treated sheep performed for the current study. The brain tissue water content values and the comparison BBB permeability in the mannitol-treated sheep also were from animals in our earlier work (Stonestreet et al, 2003 (Stonestreet et al, , 2004 (Stonestreet et al, , 2006 .
In this study, we did not study fetal sheep in utero at 90% of gestation because glucose infusions resulted in severe metabolic acidosis and death 20 minutes after the infusions were begun (Stonestreet et al, 2004) . In contrast, the fetuses at 60% of gestation tolerated the glucose infusions. Hence, we studied surfactant-treated, ventilated, premature lambs at 90% of gestation that tolerated the glucose infusions.
Experimental Protocol and Methodology
The fetuses, premature, and newborn lambs were studied as previously described (Stonestreet et al, 2006) . Baseline determinations were obtained and the glucose or placebo solutions were administered as initial rapid intravenous injections followed by continuous infusions to achieve increases in systemic plasma osmolality (Stonestreet et al, 2004) . The osmolar loads were selected to produce both a wide range of osmolalities for subjects within each group and steady-state elevations in plasma osmolality within each subject for the duration of the study. Before each study, we targeted a specific osmolality value ranging between 325 and 438 mosmol/kg H 2 O to ensure that the final BBB permeability measures represented a wide range of plasma osmolalities.
In the fetuses at 60% of gestation, glucose plus NaCl or placebo infusions were administered to the fetuses and ewes, because we found that we could not maintain a specific osmolality in the fetuses unless the ewes also received glucose (Stonestreet et al, 2004) . For the fetal studies, the ewes were administered initial glucose infusions with a range of 285 to 1,200 ml over 34 minutes followed by continuous infusions with a range of 0 to 768 ml over 1 hour. The fetuses were administered an initial glucose infusion with range of 0 to 6 ml over 10 minutes followed by continuous infusions with a range of 0 to 19 ml over 1 hour.
The initial intravenous infusions followed by continuous infusions of glucose or placebo were administered directly to the premature and newborn lambs. The premature lambs were administered an initial glucose infusion with a range of 20 to 80 ml over 10 minutes followed by continuous infusions with a range of 5 to 166 ml over 1 hour. The newborn lambs were administered an initial glucose infusion with a range of 116 to 198 ml over 10 minutes followed by a continuous infusion with a range 116 to 197 ml over 1 hour.
Plasma osmolality values were obtained, before the glucose infusions at baseline, and sequentially after the end of the initial glucose infusion and during the continuous infusions. Blood gases, pH, heart rate, and arterial blood pressure were measured at baseline, 30, and 60 minutes of study.
Analytic Methods
BBB function was measured in the fetuses, premature, and newborn lambs with a-[ 14 C]-AIB (Dupont-New England Nuclear, Boston, MA, USA) as previously described (Stonestreet et al, 1996 (Stonestreet et al, , 2006 . Briefly, after baseline determinations were obtained and the initial infusion of glucose, or placebo administered, [ 14 C]-AIB was injected intravenously. Arterial plasma concentrations of [ 14 C]-AIB were obtained at fixed intervals before and after the injection as previously reported (Stonestreet et al, 1996) . Brain vascular volume was determined in three additional separate fetuses and lambs in each group treated under the same protocol with 14 C-polyethylene glycol ( 14 C-PEG, Amersham, England), which was injected intravenously 2 minutes before the end of the study (Stonestreet et al, 2000) . The brain vascular volume values did not differ between glucose and 0.5 M NaCl or placebo groups and were similar to reported values (Stonestreet et al, 1996) . Brain parenchymal tracer concentration was determined at the end of the experiment.
For the fetal studies, a hysterotomy was performed under intravenous ketamine (15 to 40 mg/kg) anesthesia and the fetus withdrawn from the uterus and decapitated (Stonestreet et al, 1996 (Stonestreet et al, , 2000 . The ewe was then euthanized with pentobarbital (100 to 200 mg/kg). A similar procedure was used in the lambs.
The brains were dissected into the following regions: cerebral cortex, hippocampus, cerebellum, thalamus, superior colliculus, inferior colliculus, pons, medulla, and cervical spinal cord. The plasma and tissue samples were prepared and the radioactivity of the samples quantified (Stonestreet et al, 1996 (Stonestreet et al, , 2006 . Knowledge of the plasma concentration profile and the concentration of tracer in the parenchyma allows calculation of the bloodto-brain transfer constant K i (Ohno et al, 1978; Stonestreet et al, 1996) .
The blood-to-brain transfer constant K i (ml/g Brain per minute) is given by (Equation 1)
Where A br is the amount of tracer that crossed the BBB from blood to brain during the tracer study (dpm/g), and c p is the tracer concentration in plasma (dpm/ml) at the time t (min). A br is obtained by correcting the total amount of isotope measured in the tissue A m (dpm/g) for that residual part remaining in the brain vasculature space, which is measured by [ 14 C]-PEG. Thus, A br = A m ÀV p c p , where V p is the plasma volume of brain tissue (ml/g) and c p is the concentration of tracer in the terminal plasma sample (dpm/g). V p = A w m /c w p , where A w m and c w p have the same definitions as A m and c p above except that they apply to [ 14 C]-PEG (Cserr et al, 1987b; Stonestreet et al, 1996 Stonestreet et al, , 2006 .
Heart rate, mean arterial blood pressure, amniotic fluid pressures, arterial pH and blood gases, hematocrits, plasma osmolalities, and brain tissue water content values were measured as previously described (Stonestreet et al, 1996 (Stonestreet et al, , 2003 (Stonestreet et al, , 2004 (Stonestreet et al, , 2006 .
Calculations
The osmolar load represented the total amount of solute contained in the initial plus the continuous infusions administered to the ewes, fetuses, premature, and newborn lambs. The total osmolar load to the ewe plus the fetus was the sum of the osmolar loads to the ewe and fetus. In the lambs, the total osmolar load was calculated in the same manner (Table 1) .
Statistical Analysis
One-way analysis of variance was used to compare the weight of the sheep and the total osmolar load among the groups (Table 1) . Serial measurements were compared within the glucose-infused groups, and among the glucoseand placebo-infused groups by analysis of variance for repeated measures. We also compared plasma osmolality concentrations between the glucose-infused and our reported-mannitol infused (Stonestreet et al, 2006) fetal sheep at 60% of gestation, preterm lambs, and newborn lambs by three-factor analysis of variance for repeated measures with time, age groups, and glucose versus mannitol infusions as the factors. Similar analyses were used to compare the regional brain water contents among the placebo-, glucose-, and mannitol-infused sheep from our earlier studies (Stonestreet et al, 2003 (Stonestreet et al, , 2006 . If a significant difference was found by analysis of variance, the Neumann-Keuls post hoc test was used. All data were expressed as mean±s.e.m. P < 0.05 was considered statistically significant unless otherwise specified.
Modeling Blood-to-Brain Transfer Constant Versus Plasma Osmolality in the Glucose-Infused Sheep
We found that the time-averaged plasma osmolality values represented a statistically higher correlation with the K i values than the final plasma osmolality values (Stonestreet et al, 2006) . The time-averaged plasma osmolality values were calculated individually for each animal during the continuous infusions. The scattergrams (Figures 1-3) represent the blood-to-brain transfer constant (K i ) plotted on the y axis against the time-averaged plasma osmolality values for the duration of the study for each animal on the x axis. The scattergrams showed an increase in the K i values as plasma osmolarity increased. However, the rate of change in K i was not constant throughout the range of values. Therefore, we determined the relationship between K i and plasma osmolality among age groups within each brain region, with a segmented regression model to fit a linear regression model for each segment with a separate slope, and an unknown break point between the two lines (Stonestreet et al, 2006) . The estimated break point between the lines is termed the 'threshold' (Cserr et al, 1987b; Stonestreet et al, 2006) .
We fit equation 2 to the relationship between K i (y axis) and plasma osmolality (x axis), which is equivalent, to equation 2 in our previous report (Stonestreet et al, 2006) :
where b 1 and b 2 are the coefficients of the slopes of the first and second segments, 'a' is the threshold between the two segments, and c is a constant (Shuai et al, 2003) . In this and our former work (Stonestreet et al, 2006) , we used the NONLIN Program in SAS to fit the models (Schabenberger, 1998) .
We examined the relationship between K i and plasma osmolality during development by comparing the thresholds and slopes of the second regression segment among the fetuses and lambs within each brain region. Lower thresholds and steeper slopes of the post-threshold segments indicate greater vulnerability to the hyperglycemic-hyperosmotic stress within a given brain region (Stonestreet et al, 2006) . Pairwise comparisons of the thresholds and slopes were made for the three age groups of fetuses and lambs within each brain region. There were three pairwise comparisons for the age groups within each brain region (Figures 1-3 ; Table 4 ). Therefore, a modified Bonferroni-type procedure, with an approximate twosample t-test that adjusted for the appropriate a values, was used to determine the critical t values to compare the thresholds and slopes within the brain regions as suggested by Holm (Glantz, 2002; Stonestreet et al, 2006) .
Comparison of K i Versus Plasma Osmolality Model Parameters Between the Glucose-and Mannitol-Infused Sheep
We compared the effects of glucose and mannitol hyperosmolality on the relationship between K i and plasma Values are mean ± s.e.m.; glucose-infused fetuses at 60% of gestation n = 14, preterm lambs at 90% of gestation n = 11, lambs at 3-5 days of age n = 17. Total osmolar load was the amount of solute contained in the initial and continuous infusions, which were given to the ewe plus fetus, preterm, and newborn lambs. *P < 0.05 versus fetus at 60% of gestation, + P < 0.05 versus preterm lamb at 90% of gestation.
osmolality by fitting the segmented regression model described in equation 2 as follows (equation 3 and 4 for glucose and mannitol, respectively):
Mannitol :
where the b's refer to the coefficients of the slopes, a's are the thresholds between the two segments, and c's are the constants as in equation 2 above and in our previous publication (Stonestreet et al, 2006) . We applied permutation tests suggested by Manly (2006) to compare the thresholds a 1 and a 2 and the second slopes b 21 and b 22 for each of the three age groups and brain regions. We used this method because the placebo-infused fetuses at 60% of gestation, preterm, and newborn lambs provided the basal 'control' values both in the current study (Figures 1-3 , open circles) and our former work (Stonestreet et al, 2006) . For example, when we compared the effects of the glucose and mannitol hyperosmolality on the relationship of the K i values with the plasma osmolalities in the fetal sheep at 60% of gestation, 16 fetuses were exposed to the mannitol infusions, 14 to the glucose infusions, and 7 to the placebo infusions. However, the same seven sheep exposed to the placebo infusions provided the basal 'control' values for both the glucose-( (Stonestreet et al, 2006) . Both data sets contain the same seven placebo-infused (Stonestreet et al, 2006) . Closed circles represent new experimental data from the current experiments. The y axis represents the blood-to-brain transfer constant (K i ) and the x axis the time-averaged plasma osmolality values for the duration of the study. K i plotted against plasma osmolality in the superior colliculus and pons for fetuses at 60% of gestation, preterm lambs at 90% of gestation, and newborn lambs at 2 to 6 days of age. The solid lines represent the first and second segments from the segmented regression model as described under statistical analysis and the point between the two lines represent the threshold. The dashed lines represent the same parameters from our previous study examining the effects of mannitol-induced hyperosmolality (Stonestreet et al, 2006) . Individual data points for the mannitol-induced hyperosmolality in the fetuses and lambs not shown for simplicity. *P < 0.05 indicates that the value of the threshold for glucose (break point between the solid lines) is significantly higher than the value of the threshold for mannitol (break point between the dashed lines). + P < 0.05 indicates that the value of the threshold for glucose is significantly higher in the newborn than in the fetuses at 60% of gestation. basal 'control' sheep and, hence, cannot be considered completely independent but partially dependent. Consequently, the estimated slopes b 21 and b 22 and threshold values a 1 and a 2 are not independent. Thus, the comparisons of the thresholds and the slopes of the second segment could not be compared using traditional t-tests, as the covariances between them could not be computed when the models are fitted separately. We describe the permutation tests to compare the thresholds for cerebrum in the fetuses at 60% of gestation as follows. First, we fit the models which yielded a threshold of a 1 = 346 for glucose, and of a 2 = 334 for mannitol and the difference between them was 12. From 30 observations on the mannitol-and glucose-exposed fetal sheep, a random selection of 16 observations was made. These 16 observations combined with the seven observations from the placebo-infused fetal sheep provided a new mannitol data set. The remaining 14 observations combined with the same seven observations from the placeboinfused fetal sheep provided a new glucose data set. For each new data set, the segmented regression models were fitted yielding threshold values and slopes and their differences were determined. This process was repeated 5,000 times. In nonlinear model fitting methods, the program may not always converge as observed in the current analysis. The 5,000 permutations resulted in a number of convergent cases, which varied between 500 and 4,000. For each convergent case, we computed the difference between a 2 and a 1 . The proportion of such differences exceeding 12 or below 12 constituted the P value for the test.
We verified the stability of the procedure by using two methods. In the first method, the number of permutations was increased to 10,000 in some select sample cases. In the second, some of the results obtained using the first method were compared with results using t-tests for comparisons of the thresholds and slopes among the different age groups, which did not require knowledge of the covariances. This analysis was also repeated using the permutation test method. The rate of convergent cases and the P values for the 5,000 and 10,000 permutations demonstrated excellent concordance. The P values from t-tests and permutation tests also yielded similar results supporting the same statistical conclusions. Consequently, this procedure could be used to compare both the thresholds (Table 4 ) and slopes between the fetuses at 60% of gestation, preterm, and newborn lambs exposed to glucoseand mannitol-induced hyperosmolality.
Results
Weight increased with age as expected (Table 1) . The total osmolar load administered to the fetuses plus ewes, and lambs are summarized in Table 1 .
The glucose-treated sheep within each group demonstrated stable elevations in plasma osmolality during the studies as we have reported (Stonestreet et al, 2004) . The plasma osmolality values during the studies were higher (P < 0.05) in the newborn lambs than in the fetuses at 60% of gestation. Examination of a wide range of plasma osmolality values ( Figures  1-3 ) within each group of sheep was essential to determine the effects of changes in osmolalities on BBB function. We also compared the plasma osmolality values from the glucose-treated sheep with the mannitol-exposed fetuses at 60% of gestation, preterm, and newborn lambs from our previous report (Stonestreet et al, 2006) , and did not find differences in the plasma osmolality values during the studies between the sheep exposed to the glucose and mannitol infusions (F = 0.49, P = 0.94). The plasma glucose concentrations of the preterm and newborn lambs were higher (P < 0.05) than the fetuses at 60% of gestation (Stonestreet et al, 2004) . Table 2 contains the physiological variables for the glucose-treated sheep before (baseline) and during the glucose infusions. There were no significant differences in the baseline physiological variables among the placebo-, mannitol-(data not shown), and the glucose-treated sheep ( Table 2) . Arterial pH decreased in the fetuses and newborn lambs during the glucose infusions. Small decreases also were *P < 0.05 indicates that the value of the threshold for glucose (break point between the solid lines) is significantly higher than the value of the threshold for mannitol (break point between the dashed lines). + + P < 0.05 indicates that the slope of the second regression segment was significantly higher in mannitol-than in glucose-treated newborn lambs, implying greater sensitivity to the mannitol-than to glucose-hyperosmotic stress after the threshold had been reached.
observed in arterial oxygen tension in the newborn lambs, and increases in carbon dioxide tension in the fetuses and newborn lambs. Heart rate decreased in the fetuses and increased in newborn lambs during the glucose infusions. Mean arterial blood pressure decreased in the preterm lambs.
The blood-to-brain transfer constant K i increased as a nonlinear function of glucose-induced plasma osmolality in the all brain regions and age groups. At the lower osmolality values, the change in K i was minimal but after a threshold was reached, the increase (P < 0.05) in K i was linear. The slopes of the first and second regression segments did not differ among any of the age groups in any brain region (Table 3) . Figure 1 illustrates the pattern of the K i values as plasma osmolality increased in the superior colliculus and pons of the fetuses at 60% of gestation, preterm, and newborn lambs. The solid lines illustrate the changes in K i as a function of hyperglycemic hyperosmolality for the new experimental studies, whereas the dashed lines are shown for comparison and represent summary data from our former study examining the effects of mannitol hyperosmolality on the changes in K i (Stonestreet et al, 2006) . In the superior colliculus and pons, the thresholds for osmotic barrier opening were significantly higher in the newborn lambs than in the fetuses at 60% of gestation. The threshold was also significantly higher in superior colliculus of the glucose-than mannitol-treated preterm lambs. Figure 2 illustrates the pattern of change in K i as plasma osmolality increased in the cerebral cortex and hippocampus of the fetuses at 60% of gestation, preterm, and newborn lambs. There were no Values mean ± s.e.m.; glucose-infused: fetuses at 60% of gestation, n = 14, preterm lambs at 90% of gestation, n = 11, lambs at 3-5 days of age, n = 17, unless indicated in parenthesis. *P < 0.05 versus baseline. Values shown are for the experimental glucose-infused sheep; values for the placebo-infused and mannitol-infused sheep have been previously reported (Stonestreet et al, 2006) and are not shown. There were no statistically significant differences in the b 1 or b 2 slopes within each brain region among the fetuses at 60% of gestation, premature lambs, and newborn lambs. significant differences in the threshold values or slopes of the second segments in the cerebral cortex or hippocampus among any of the glucose-treated age groups. The line designations are as for Figure 1 . The threshold was significantly higher in cerebral cortex of the glucose-than mannitol-treated newborn lambs. Figure 3 shows the pattern of change in K i as plasma osmolality increased in the cerebellum and medulla. There were no significant differences in the threshold values or slopes of the second segments in the cerebellum or medulla among any of the glucosetreated age groups. The line designations are as for Figure 1 . The thresholds were significantly higher in the cerebellum of the glucose-than mannitol-treated newborn lambs and in the medulla of the glucosethan mannitol-treated preterm lambs. The slope of the second regression segment was significantly higher in the medulla of the mannitol-than glucose-treated newborn lambs, implying greater sensitivity to the mannitol-than glucose-hyperosmotic stress after the threshold had been reached (Figure 3 , dashed line for mannitol versus solid line for glucose). Otherwise, there were no significant differences between the slopes of the second regression segment in any of the other brain regions between the glucose-and mannitol-treated sheep (Figures 1-3 ; Stonestreet et al, 2006) . Similar patterns of change in K i versus plasma osmolality were observed in the thalamus, inferior colliculus, and cervical spinal cord (graphic data not shown). Table 4 compares the thresholds by age group and brain regions in the sheep treated with the glucose infusions from the current study and the mannitol infusions from our previous publication (Stonestreet et al, 2006) . The thresholds were significantly higher in the thalamus, superior colliculus, inferior colliculus, and medulla of the glucose-than mannitoltreated preterm lambs, and higher in the cerebrum and cerebellum of the glucose-than mannitol-treated newborn lambs.
The regional brain water content was lower in the glucose-and mannitol-than in the placebo-infused sheep ( Table 5 ). The regional water content was lower in cerebral cortex and cerebellum of the mannitol-than in the glucose-treated fetuses at 60% of gestation, and in cerebral cortex and medulla of the mannitol-than in the glucose-treated premature lambs. The changes in regional brain water contents did not differ significantly between the mannitol-and glucose-infused newborn lambs. The final plasma osmolality values did not differ significantly among the groups of the glucose-and mannitol-infused sheep. (Stonestreet et al, 2006 ). *P < 0.05 versus mannitol for the same age group; + P < 0.05 versus fetuses at 60% of gestation for the glucose treatment group. (Stonestreet et al, 2003 (Stonestreet et al, , 2004 ). *P < 0.05 versus placebo for the same age group; + P < 0.05 versus glucose for the same age group.
Discussion
The purpose of the present study was to determine the relative permeability of the BBB in immature animals in response to a hyperglycemic-hyperosmotic stress during development, and to determine if the BBB is more resistant to glucose-than to mannitol-induced hyperosmolality (Stonestreet et al, 2006) . There are three major findings in this study. (1) BBB permeability increases as a function of changes in systemic glucose-induced hyperosmolality in fetal sheep and lambs, but the rate of change in K i is not constant throughout the range of plasma osmolalities and is best described by a segmented regression model (Stonestreet et al, 2006) . (2) The BBB becomes more resistant to glucose-induced hyperosmolality during development only in two select brain regions, the superior colliculus and pons.
(3) The barrier is more resistant to glucose than to mannitol hyperosmolality in some brain regions of premature and newborn lambs, but not in fetuses at 60% of gestation.
Arterial pH decreased slightly in the fetal sheep at 60% of gestation and in the newborn lambs because of a mild respiratory acidosis. The decreases in arterial pH were similar to those observed during mannitol-induced hyperosmolality in the same age groups of sheep (Stonestreet et al, 2006) . Likewise, the increases in arterial carbon dioxide tensions in the fetuses at 60% of gestation and in the newborn lambs during the glucose infusions were similar to those during the mannitol infusions (Stonestreet et al, 2006) . Although hypercapnia results in increased penetration of sucrose into the brains of fetal and newborn sheep and adult rabbits, the carbon dioxide levels in the previous reports were much higher than during glucose (Table 1) and mannitol hyperosmolality in our studies (Cameron et al, 1969; Evans et al, 1976; Stonestreet et al, 2006) . The increases in the arterial carbon dioxide tensions in the fetuses at 60% of gestation and in the newborn lambs were similar and analogous to those we reported during the mannitol infusions (Stonestreet et al, 2006) . Hence, the elevations in carbon dioxide tension should not affect the age-related comparisons of barrier permeability between the fetuses at 60% of gestation and newborn lambs, or between the glucose-and mannitolinfused sheep in the same age groups (Table 4) .
We have previously shown that the BBB demonstrates ontogenic decreases in permeability in normo-osmotic ovine fetuses from 60% of gestation up to 3 years of age in the adult (Stonestreet et al, 1996) , and that the BBB becomes more resistant to the effects of a mannitol-induced hyperosmotic stress during development (Stonestreet et al, 2006) . The current study extends our work by examining the developmental regulation of BBB permeability to a glucose-induced hyperosmotic stress. Similar to our findings with mannitol-induced hyperosmolality, hyperglycemic-hyperosmotic stress affects barrier function to some extent in all brain regions and age groups of sheep because the pattern of change in K i versus plasma osmolality was described by a segmental regression model and an osmotic threshold was identified in all brain regions in each age group.
We cannot be certain of the mechanism by which hyperglycemic hyperosmolality impaired barrier function in our fetal sheep and lambs. Previous work suggested that the 'threshold effect' results from osmotic opening of pores created between adjacent endothelial cells resulting from opening of tight junctions, and water-filled channels at the bloodbrain interface, and that increased diffusion occurs via a leak pathway (Cserr et al, 1987b; Ziylan et al, 1984) . These phenomena could account for the increases in K i resulting from glucose-and mannitol-induced osmotic stresses (Stonestreet et al, 2006) . Furthermore, consistent with the decreases in brain water contents in the glucose-and mannitol-infused sheep (Table 5) , osmotic stress-related increases in barrier permeability potentially could have resulted from shrinkage of endothelium at the BBB associated with brain dehydration (Rapoport et al, 1980) . The phenomenon has previously been characterized as 'osmotic opening' of the BBB when hyperosmotic substances were applied directly to the pial surface (Cserr et al, 1987b; Rapoport et al, 1972) or injected into the carotid artery (Blasberg et al, 1980; Ziylan et al, 1984) . Therefore, the 'threshold' that we identified between the two lines, presumably is similar to the osmotic opening of the BBB after the application of topical substances or the intracarotid infusions (Blasberg et al, 1980; Cserr et al, 1987b; Rapoport et al, 1972; Ziylan et al, 1984) . Before reaching the threshold, the glucose-induced increases in osmolality resulted in small increases (Figures 1-3) in K i such that barrier function was in the near normal range (Cserr et al, 1987b) . It is also important to point out that the changes in K i that we have determined with AIB as the tracer are not dependent on changes in cerebral blood flow because AIB is not a blood flow-dependent substance (Fenstermacher, 1984; Stonestreet et al, 1996) .
In this and our former work (Stonestreet et al, 2006) , we examined the responses of the BBB for any two age groups within each brain region by comparing the thresholds and slopes of the second regression segments. In contrast to our hypothesis, and the developmental increases in barrier permeability observed with mannitol-induced hyperosmolality, the estimated osmotic thresholds demonstrated limited developmental increases during glucoseinduced hyperosmolality with higher thresholds confined to the superior colliculus and pons in the newborn lambs compared with the fetuses at 60% of gestation (Stonestreet et al, 2006) . Although we found significantly higher thresholds only in the superior colliculus and pons, inspection of Table 4 suggests that the values for the thresholds generally tended to be higher in the premature and newborn lambs than in the fetuses at 60% of gestation. These findings are important because there is very little information regarding the susceptibility of the BBB to injury during development (Stolp et al, 2005) . The greater sensitivity of select brain regions to glucoseinduced hyperosmolality in the fetuses at 60% of gestation compared with newborn lambs suggests greater vulnerability of the barrier to this stress in the more immature subjects in some brain regions.
Glucose is actively transported across the BBB by a glucose transporter, GLUT-1, which is located in endothelial cells and closely associated with the interendothelial junctional complexes (Devaskar et al, 1991; Vannucci, 1994; Vorbrodt et al, 2001) . GLUT-1 expression has been reported to be higher in the brain and cerebral microvessels of fetuses and newborns than in adult rodents (Devaskar et al, 1991; Vannucci, 1994; Vorbrodt et al, 2001) . Thus, if GLUT-1 expression increases with age and, hence, larger amounts of glucose potentially are transported into the brain, such a phenomenon could in part account for the smaller effect of glucose hyperosmolality on the threshold values in some brain regions of the newborn lambs compared with the fetuses at 60% of gestation (Table 4 ). Moreover, it is also important to point out that acute hyperglycemia in rats does not increase GLUT-1 levels in cerebral microvessels (Simpson et al, 1999) .
There is increasing survival of extremely premature infants at the lower limits of viability, who potentially could be inadvertently exposed to hyperosmolality, which predisposes them to intraventricular hemorrhage (El-Metwally et al, 2000; Glasgow et al, 1983; McDonald et al, 1989; Thomas, 1976) . We speculate that if the immature BBB exhibits osmotic stress-related increases in permeability, then impaired BBB function, short of complete barrier breakdown, e.g., hemorrhage, could also predispose infants to brain damage by facilitating entry of toxic substances into brain parenchyma that could alter neuronal function. The mechanism(s) by which the BBB is more vulnerable to glucose-hyperosmotic stress in some regions of the brain in the fetuses than in the newborn lambs cannot be determined in our study. However, although we have identified differential developmental regulation in the expression of the some tight junction proteins, their expression was not necessarily lower early in fetal development (Duncan et al, 2009 ). Nonetheless, based on our findings in this and our previous work (Stonestreet et al, 2006) , the tight junctions of the BBB could be more vulnerable to injury at an early time in fetal development than after birth.
Premature infants often exhibit glucose dysregulation and are at high risk for brain injury (Dweck, 1976; Grylack et al, 1984; Vohr et al, 2000; Wu, 1996) . The major patterns of brain injury in premature infants are intraventricular/periventricular hemorrhage and periventricular leukomalacia (Pierson et al, 2007; Vohr and Ment 1996; Volpe, 2003) . However, brain injury has also been reported in the cerebral cortical gray matter, thalamus, basal ganglia, globus pallidus, and cerebellar dentate nucleus in association with periventricular leukomalacia (Pierson et al, 2007) . We cannot determine from our study if impaired barrier function associated with hyperglycemic-hyperosmotic stress contributes to brain damage in premature infants. Nonetheless, we observed increased barrier permeability in all of the brain regions (Table 4 ) that we examined in the fetuses at 60% of gestation and premature lambs, suggesting that impaired barrier function could represent a component of injury in premature infants exposed to a hyperglycemic hyperosmolality in such brain regions as the gray matter, cerebellum, and thalamus.
Our findings of impaired barrier function with hyperglycemic-hyperosmotic stress are consistent with work in adult rodents and humans, demonstrating that diabetes can impair BBB integrity (Allen and Bayraktutan, 2009; Hawkins et al, 2007; Huber et al, 2006; Starr et al, 2003) . Increased BBB permeability was detected in patients with type II diabetes (Starr et al, 2003) . Similarly, streptozotocin-induced diabetes in adult rats was associated with increases in permeability to small molecules, but similar to our findings, the changes were region specific with the largest changes occurring in the midbrain (Huber et al, 2006) . The increases in BBB permeability in streptozotocin-induced diabetes appear to be related to a loss of tight junction proteins possibly resulting from increases in plasma matrix metalloproteinase activity and not from hyperglycemia alone (Hawkins et al, 2007) . We cannot be certain if impaired barrier function resulting from hyperglycemic-hyperosmotic stress also could be related to a loss of tight junction proteins resulting from increases in matrix metalloproteinase activity because these variables were not determined in our studies.
We also compared the BBB responses between the different age groups of sheep exposed to the glucoseand mannitol-hyperosmotic stresses (Stonestreet et al, 2006) . To make valid comparisons between the glucose-and mannitol-hyperosmotic fetuses, preterm, and newborn lambs, we needed to establish that the patterns of change in plasma osmolality during the studies were similar for the two hyperosmotic treatments. Our analysis confirmed that the patterns of change in plasma osmolality during the studies were similar between glucose-and mannitoltreated sheep (Stonestreet et al, 2004 (Stonestreet et al, , 2006 . The osmotic threshold values were significantly higher in the thalamus, superior colliculus, inferior colliculus, and medulla, and in the cerebral cortex and cerebellum of the glucose-than mannitol-exposed preterm and newborn lambs, respectively. In addition, the slope of the second regression segment was significantly steeper in the medulla of the mannitolthan glucose-treated newborn lambs, implying greater sensitivity of this region to mannitol-than glucose-hyperosmotic stress after the threshold was reached. Consistent with the Staverman reflection coefficient theory (Staverman, 1951) and work suggesting that if an osmotic solute penetrates the cell membrane, cell shrinkage is less than shrinkage resulting from an equal concentration of an impermeable solute (Rapoport et al, 1972) , osmotic barrier modification occurred at lower plasma osmolalities in the mannitol-than in the glucose-treated preterm and newborn lambs (Table 4) . Thus, the effective osmotic pressure at the BBB was probably greater for mannitol than for glucose exposure. The lower brain water contents in the mannitol-than in glucoseinfused groups (Table 5 ) support the contention that concentrated solutions impair BBB function by shrinking cerebrovascular endothelial cells, and widening the interendothelial tight junctions, and that the damaging effects are inversely proportional to the ability of a solute to penetrate cell membranes (Rapoport et al, 1972; Rapoport et al, 1980) .
In summary, we conclude that BBB permeability increases as a function of changes in glucoseinduced plasma osmolality in fetal sheep and lambs. The BBB becomes relatively more resistant to glucose hyperosmolality only in the pons and superior colliculus during development, and the BBB is more resistant to glucose-than to mannitol-osmotic stress in some brain regions of premature and newborn lambs.
